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Abstract 
Polymeric foams are widely used in various engineering applications. Understanding and quantitative modeling of 
foam load-displacement behavior is important for design and development of engineering structures with foams. In 
this paper we analyze three main micro-mechanisms of foam macroscopic deformation and failure using stress-true- 
strain diagram of loading cycle.  Specifically, connection between 1) large reversible deformation and buckling, 2) 
large elasto-plastic deformation and 3) brittle fracture of individual cell structural elements on one side and 
macroscopic foam behavior on the other is discussed. Identification of specific micro-mechanism responsible for 
macroscopic behavior foam is suggested on the basis of detailed analysis of unloading part of stress-true strain 
diagram, i.e., strain recovery process. 
Keywords: Polymeric foam; brittle fracture; buckling; elastic deformation 
1. Introduction 
Polymeric foams are widely used for energy absorption, noise control, thermal insulation, floral art and 
many other applications. For certain engineering applications like energy absorption, the modeling of 
large displacement including unloading part is important for an adequate foam design. Various models of 
foam deformation have been formulated during last decade (e.g. [1, 2, 3]). However, most of the models 
make use of basic concepts of continuum mechanics in combination with finite element method with 
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limited consideration of specific micro-mechanisms of foam deformation and fracture. Foams are clearly 
discrete cellular structures and adequate continuum or macroscopic modeling should be properly based on 
the detailed mechanisms of deformation and fracture on an individual cell, i.e., microscopic scale.  
In the present paper we analyze three deformation and failure mechanisms of foam on cellular scale: 
large reversible deformation (buckling), large elasto-plastic deformation and brittle fracture of faces 
and/or edges of individual cells. Large displacement behavior of foam under compression is modeled for 
both loading and unloading parts of the loading cycle using true-stress-strain diagram method. Criteria of 
three micro-mechanisms of foam failure are briefly discussed. 
2. Mechanism of foam failure 
Dimensional considerations of deformation and geometry of foam cellular structure suggest a simple 
scaling of normalized effective (macroscopic) elastic modulus of foam (E*/Es) as well as density with 
dimensionless geometrical parameter of the individual cell [4]: 
3* )/(~/ ltEE s ,         (1) 
)/(~/* ltUU for closed cell and 2* )/(~/ ltUU  for open cell 
where, t is the average thickness of a face and edge of the cell and l is the average length of an edge. 
Poisson’s ratio can be also expressed in terms of the individual cell geometry. Thus, for example, it is 
easy to see that the effective Poisson’s ration in case of regular hexagonal cell is equal to 1 in conflict 
with 0.5 which is the thermodynamic limit for conventional continuum media. Using conventional 
definition it is possible to obtain even negative Poisson’s ratio for foam with elastic hinges on cell faces, 
edges and vertices. Such a negative Poisson’s ratio is reported in Evans [5] and Lakes [6].  
SEM micrographs of individual cells reveal variable thickness of edges and faces between vertices. 
Therefore, idealized cell geometry such as regular hexagonal one with constant thickness may be 
oversimplification. More complicated than (1) expressions for elastic modulus and Poisson’s ratio for 
variable thickness of cell edges and faces are reported in Chuang et al [5]. However, for a fundamental 
understanding and modeling of foam response to the loading conventional dimensional considerations 
provide quite reasonable and simple basis for modeling. Three basic mechanisms of large irreversible 
deformation mentioned above: (1) large reversible deformation (buckling), (2) large elasto-plastic 
deformation and (3) brittle fracture of faces and/or edges of individual cells can be adequately modeled 
using dimensional considerations [6]. 
2.1. Large reversible deformation 
The microscopic displacements of individual cell vertices and edges result from elastic bending and 
buckling of faces and edges of the cells. Upon unloading the elastic recovery is driven by elastic energy 
accumulated primarily within vertices and edges. The schematic diagram of the deformation and recover 
mechanism is shown in Fig. 1.  
With variation of foam density, which corresponds to variation of thickness of faces, edges and 
vertices, the stress-strain curve can be obtained by scaling the stress and strain by density using the same 
cell geometry. The  yield stress and yield strain can be expressed in a form of power functions of relative 
foam density (ȡ*):
2*)(~ UV y  and 
1*)(~ UH y         (2) 
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In more general terms without specific assumptions of cell geometry, the stress and strain can be 
scaled with the foam density as:  ıĺȥ1 (ȡ)·ı’ and İĺȥ2 (ȡ)·İ’ with dimensionless functions ȥ1 (ȡ) and  ȥ2 
(ȡ) . Thus, the energy dissipation during loading – unloading compression cycle scales as the product ȥ1 
(ȡ) · ȥ2 (ȡ).
Strain, İ
Stress, ı
Loading
Unloading
Dissipation due to
the difference 
between mechanical 
and thermodynamic 
deformation
Fig. 1 Schematics of deformation energy dissipation 
In Fig. 2, the stress-strain curves for elastic buckling and rubber elastic deformation are shown. Most 
of the foams are experiencing elastic deformation until the critical stress is reached in a “weakest” cell. 
Let consider a set of cells constituting a one-cell-thick layer with the middle plane perpendicular to the 
compressive force (see Fig. 3). The geometry of individual cells varies from cell to cell due to random 
nature of cell formation. Therefore one (or a few) cells would bend and buckle first, due to random 
variation of load distribution on microscopic scale. The buckling process of an individual cell is shown at 
the middle of Fig. 3. The deformation ratio [ due to buckling of the faces of the cell parallel to 
compressive force is defined as, 
0/ bb' [ .          (3) 
ı
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Fig. 2 Schematic plot of large reversible deformation 
1612  B.-H. Choi et al. / Procedia Engineering 10 (2011) 1609–1614
The true strain Htr of an individual layer is conventionally defined as ln O, where the displacement ratio 
O is the ratio of the heights of deformed and undeformed cell. Bending and buckling of the weakest cell 
triggers failure of the neighboring cells within the layer due to redistribution of load and farther spreads 
over the rest of the cells of the considered one-cell-thick layer. When the entire layer collapses, the same 
mode of large deformation is transferred to the neighboring layers. This way the deformation spreads 
from layer to layer over the macroscopic scale of the foam. Apparently the macroscopic true strain 
coincides with the true strain of the individual layer: 
)]1(2/1ln[]2/)1(ln[ln 0 [[OH    bbn
tr       (4) 
The completion of elastic buckling will be a half of ȟ(ȡ) plus half a strain (see eq. (4)). Normally, the 
portion of ȟ(ȡ) will be smaller than 1/2, so, it’s reasonable to have the onset of strain hardening around 
between 0.6 to 0.7. If load is removed, deformed foam recovers its shape nonlinearly. However, if all 
buckling processes are perfectly elastic, the stress-strain curve eventually goes back to the origin. 
1/2b0
1/2b0
b0
b0 -ǻb
Fig. 3 Deformation of individual cell by buckling under compression loads 
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Fig. 4 Schematic plot of large elasto-plastic buckling 
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2.2. Elastic and elasto-plastic buckling 
The stress-true strain curves for elastic buckling and plastic deformation for different density foams are 
shown in Fig. 4. The rising lines that start at the origin of the coordinates reflect the effective elastic 
properties of the initial foam structure. The effective stiffness of the foam (the slope of the lines) 
increases with foam density. When the applied stress reaches apparent yield strength the process of plastic 
deformation and/or buckling begins. It is reflected in increase of true strain at constant stress (horizontal 
lines in Figure 4). This behavior can be referred to as metastable. It closely resembles the polymer 
drawing process [7]. The horizontal lines represent a metastable transition from the initial foam structure 
to fully collapsed and compacted one. The elastic behavior of compacted foam structure is reflected by 
the rising lines originated from the end of metastable (horizontal) part of the diagram.  
The contributions of plastic deformation and buckling into total deformation are difficult to 
differentiate from the total stress-true strain curve. However, some conclusion can be drawn from the 
shape of the unloading curve and the ultimate irreversible deformation. 
2.3. Brittle fracture 
The shape of stress-true strain curves in case of brittle failure of an individual cell qualitatively 
resembles that for elastic and elasto-plastic mechanisms. However, there is a larger scatter of the onset of 
metastable transition from the original foam structure to the fractured one, due to random failure of 
individual cells. The same time according to Gibson and Ashby, the amount of strain variation due to 
brittle fracture is not much different from that due to buckling. The major difference between buckling 
and brittle fracture mechanisms is that the former is reversible, whereas latter is irreversible. Thus there is 
no strain recovery, when the load is removed (Figure 5). In addition, a small variation of fracture stress at 
the metastable (horizontal) branch of stress-true strain curve can be observed due to random process of 
individual cells brittle fracture. 
ı
İ
Brittle collapse
1/2
Unloading
Sudden rupture
of a layer (Metastable)
increase density
Fig. 5 Schematic plot of brittle fracture 
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3. Criterion of three types of foam failure 
Apparent yield strength of foam is much lower than that for the corresponding solid material. However, 
the true stress applied to the structural elements of the individual cell may be much higher then the 
apparent yield strength due to significantly smaller actual load bearing area. Thus, the microscopic stress 
(ımic) are calculated based on the wall thickness. The macroscopic apparent yield strength  measured by 
the load cell can be related the microscopic critical (buckling) stress (ıcr) as follows: 
0/ AAscrmac  VV ,         (5) 
where, A0 and As are the total cross sectional are of the cell walls within the representative volume and 
cross section area of the representative volume the foam. Usually 0AAs !! , so yield strength defined 
from stress-strain (macroscopic stress-strain) response is much lower than the critical stress of a typical 
cell structural element. 
Three major failure mechanisms can be classified based on the relationship between microscopic stress 
( micV ), yield stress ( yV ), buckling stress ( crV ) and break stress ( BV ): 1) elastic buckling with recovery 
takes place if Bycr VVV d ; 2) elasto-plastic buckling occurs, if: Bycr VVV ~ ; and 3) brittle fracture 
mechanism is observed, if yBcr VVV ~ .
4. Conclusion 
Complex relations between macroscopic behavior of multicellular foam structure and microscopic 
mechanisms of individual cells deformation and fracture are discussed in the paper.   Stress-true-strain 
diagrams for loading and unloading parts of loading cycle are proposed to differentiate three main micro-
mechanisms of foam deformation and failure. The microscopic strain resulting from elastic bending and 
buckling of faces and edges of individual cells is responsible for large reversible macroscopic 
deformation. Similar cooperative process of multicellular structure failure triggered by failure of a 
“weakest” individual cell is operational in cases of large elasto-plastic deformation and  brittle fracture 
micro-mechanisms. Detailed analysis of unloading part of stress-true strain diagram, i.e., strain recovery 
process allows one to identify specific micro-mechanism of macroscopic behavior of foam in question. 
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